ABSTRACT Background: Human and animal studies have produced conflicting results with regard to the effect of soy isoflavones on breast cancer risk. This may be due to differences in isoflavone metabolism. Objective: The objective of this study was to determine whether soy isoflavone phase II metabolism differs between humans and rodents. Design: Circulating total and unconjugated isoflavone concentrations were determined by mass spectrometry in plasma samples from 7 separate studies: 1) in Sprague-Dawley rats and in 3 strains of mice fed commercial soy-containing diets; 2) in Sprague-Dawley rats gavaged with genistein; 3) in healthy adults who consumed single servings of soy nuts, soy milk, and tempeh; 4) in healthy adults subchronically given soy milk; 5) in healthy women orally administered 50 mg genistein; 6) in healthy women orally administered 20 mg pure S-(-)equol; and 7) in 6-mo-old infants fed soy infant formula and later, at age 3 y, a soy germ isoflavone supplement. Results: The proportion of unconjugated genistein in plasma from adults and infants who consumed different soy foods, pure genistein, or an isoflavone supplement was ,1% in steady state and ,2% at peak concentrations. By contrast, rodents fed soy-containing diets conjugate isoflavones less efficiently. The plasma percentages of unconjugated genistein concentrations in Sprague-Dawley rats and C57BL/6, nude, and transgenic AngptL4B6 mice were 4.0 6 0.6%, 4.6 6 0.6%, 11.6 6 0%, and 30.1 6 4.3%, respectively, which represent 20, 23, 58, and 150 times that in humans. Conclusion: The markedly higher circulating concentrations of biologically active (unconjugated) genistein in certain strains of mice cast doubt on the value of the use of these rodents for gaining insight into the effects of isoflavones in humans, especially with regard to the effects on breast tissue.
INTRODUCTION
Soy foods have been the subject of rigorous investigation during the past 2 decades because of research that suggested that, independent of nutrient content, they provide important health benefits, including a reduced risk of heart disease (1-3) and breast (4, 5) and prostate (6) cancers and alleviation of menopauserelated hot flashes (7) . Many of these proposed benefits are attributed to the presence of isoflavones (8) (9) (10) , a group of diphenolic compounds that are classified more accurately as selective estrogen receptor (ER) modulators (11, 12) because they preferentially bind to and transactivate ER-b (13, 14) . The soybean contains 12 different isoflavones: the 3 aglycons genistein, daidzein, and glycitein; their respective b-glycosides of genistin, daidzin, and glycitin; and 3 b-glucosides, each esterified with either malonic or acetic acid (15, 16) . Genistein, daidzein, and glycitein and their respective glycosides account for ;50%, 40%, and 10%, respectively, of total soybean isoflavone content.
Much of the initial interest in the chemopreventive effects of soy can be traced to early rodent research that showed that incorporation of isoflavone-rich soy into the diets of rats inhibited 7,12-dimethylbenz(a)anthracene-induced mammary tumor growth (17) . This research was largely responsible for the National Cancer Institute's first allocation of funds for further studies in this area .20 y ago (5) . However, despite the proposed benefits, isoflavones and soy foods are not without controversy. Concerns have arisen that the estrogen-like properties of soy isoflavones may be harmful to patients with estrogen-sensitive breast cancer and to women at high risk of development of this disease (18, 19) . This concern is based largely on research that showed that genistein stimulates the growth of mammary tumors in athymic ovariectomized mice implanted with MCF-7 cells, an ER-positive human breast cancer cell line (20) . In contrast to the effects of genistein, tumor stimulation does not occur in response to daidzein or equol, the bacterially synthesized metabolite of daidzein (21) . Furthermore, in this mouse model, products that were more highly processed led to higher circulating concentrations of unconjugated genistein, the aglycon and biologically active forms (22) , and were more tumor stimulatory (23) . This unconjugated fraction is often referred to incorrectly as the "free" fraction because, in steroid terms, "free" defines the fraction that is nonprotein bound, not unconjugated. In fact, soy flour, the leastprocessed product evaluated, did not stimulate tumor growth. These observations have led some health professionals and organizations to warn women with a history of breast cancer against the use of isoflavone supplements but not soy foods (24) .
Whether these results are applicable to humans is unknown, although it is well established that there are interspecies differences in isoflavone metabolism (25) . For example, in captive cheetah, small quantities of soy in the diet were shown to cause veno-occlusive disease of the liver and infertility, because felines are deficient in UDP-glucuronyl transferase (26) . Phase II metabolism by glucuronidation is a major pathway for the elimination of isoflavones (27) and endogenous steroid hormones (28) . Differences in glucuronidation between rats and mice have also been noted (28) ; the former have much greater capabilities. Most importantly, humans have a high capacity for conjugation of steroid and steroid-like molecules between the intestinal tract and liver, so that, in common with endogenous estrogens, circulating proportions of unconjugated isoflavones are maintained at relatively low concentrations (25, (29) (30) (31) .
To better understand the clinical relevance of rodent models to the soy/isoflavone breast cancer relation it is necessary to identify whether differences in isoflavone metabolism exist between rodents and humans, particularly as they pertain to circulating concentrations of biologically active unconjugated forms, because such differences would go some way toward the establishment of the relevance of rodent models to humans. To our knowledge, the current research is the first attempt to systematically address this issue. Second, we believe it is the first research to directly and comprehensively evaluate the effects of the food matrix on circulating unconjugated genistein concentrations in human subjects in response to the consumption of differently processed soy products.
SUBJECTS AND METHODS
Seven separate studies are reported that examined the concentrations and proportions of unconjugated isoflavones circulating in the plasma of rodents fed commercial soy-based rodent diet or gavaged with pure genistein and in humans fed different soy foods or pure isoflavones. The human studies included infants at 6 mo and again at 3 y of age and healthy adults.
Animal studies

Study 1
Sprague-Dawley rats (n = 18) were purchased from Charles River Breeding Laboratories and bred in house. Female offspring were maintained for .1 wk on an AIN93G soy-free diet or on a soy-containing Purina 5008 (Ralston Purina) diet. Healthy adult mice were obtained from several suppliers. Athymic (nude) mice (n = 10) were obtained from Harlan Laboratories and C57BL/6 mice (n = 11) from Jackson Laboratories, and the transgenic AngptL4B6 strain of mice (n = 11) were bred at the Cincinnati Children's Hospital Medical Center and were a gift from Sherry Thronton (Cincinnati, OH). All mice had been maintained on the soy-containing rodent diet (Purina 5010) for several weeks. Purina 5008 and 5010 are the most commonly used commercial rodent diets (32) . Blood samples (1-3 mL) were obtained by intracardiac stick under anesthesia with isoflurane, followed by carbon dioxide inhalation and sacrifice. All blood samples were centrifuged at 3000 rpm for 10 min, and the plasma was removed and stored at 220°C for analysis of total and unconjugated forms of isoflavones.
Study 2
Four adult Sprague-Dawley rats, 2 males and 2 females, maintained on a soy-free AIN-93 diet, were gavaged with 1 mg pure genistein (3.7 mg/kg BW) in a 1% carboxymethylcellulose solution as a single dose, and blood was obtained by cardiac stick under isoflurane anesthesia 1-2 h later.
For both of these studies, the animals were housed in an Association for the Assessment and Accreditation of Laboratory Animal Care-accredited facility that met or exceeded the Animal Welfare Act requirements, and the study protocols (Sprague-Dawley rats, 5B09057; nude mice, 9D12095; C57BL/6 mice, 9D09077; Angptl4B6 mice, 9D10082) were approved by the Children's Hospital Research Foundation's Animal Use Committee.
Human studies
Plasma samples were collected from healthy men and women (age range: 20-65 y) for the determination of plasma conjugated and unconjugated isoflavone concentrations after consumption of different soy foods or isolated isoflavones. Exclusion criteria included subjects with chronic renal, liver, pulmonary, or cardiovascular disease; women taking oral contraceptives or hormone therapy; or anyone who had been administered antibiotics within the 3 mo preceding the study. In each study, participants were asked to abstain from foods that contained soy protein for 1 wk before, and during, the study. All human studies were approved by the Institutional Review Board of the Scientific Advisory Committee of the Cincinnati Children's Hospital Medical Center and the Clinical Translational Research Center, and informed consent was obtained from adults or the parents/ guardians of each infant. These studies were monitored by a data safety management monitoring board at Cincinnati Children's Hospital Medical Center and were conducted before the requirement for registration of clinical trials.
Adults
Study 3
Healthy women (n = 10) who ranged in age from 25 to 65 y (mean 6 SD: 47.1 6 12.6 y) were recruited beginning in October 1998. After fasting overnight, the subjects consumed (in a randomized crossover study) a single serving of either 250 mL soy milk (Sanitarium Health Foods Company), 46 g tempeh (White Wave) prepared in the form of a burrito, or 10 g toasted soy nuts (Country Life Natural Foods) on 3 separate occasions that were a minimum of 21 d apart. These foods contained 3.5 mg, 5.8 mg, and 3.5 mg of daidzein, respectively, and correspondingly 9.5 mg, 11.2 mg, and 4.1 mg genistein when expressed in aglycone equivalents. Blood samples (5-10 mL) were obtained via an indwelling catheter or by venipuncture ;6 h postprandially, a time point that was expected to correspond to the peak plasma isoflavone (C max ) concentrations, on the basis of previous studies of isoflavone pharmacokinetics (29, 33, 34) .
The blood samples were centrifuged and the plasma separated and frozen immediately at 220°C for later determination by mass spectrometry of plasma unconjugated and conjugated isoflavone concentrations.
Study 4
Healthy men (n = 10) aged 24-44 y (mean 6 SD: 30.5 6 5.6 y) and women (n = 10) aged 21-58 y (mean 6 SD: 35.5 6 14.9 y) were recruited beginning in September 2005, and they consumed 250 mL soy milk (Sanitarium Health Foods Company) in the morning and evening for 3.5 d (35) . Blood samples (5-10 mL) were collected by venipuncture ;6 h after the last serving of soy milk. Blood was centrifuged and the plasma separated and frozen immediately at 220°C for analysis of the total and unconjugated isoflavone concentrations by mass spectrometry.
Study 5
Six healthy premenopausal women (age range: 25-50 y) were recruited during 1993 and were administered a single oral bolus of encapsulated pure genistein (50 mg) taken with a glass of water followed by a meal, and serial blood samples were obtained by venipuncture at timed intervals for up to 48 h. Plasma was analyzed from stored samples from a previously reported study of the pharmacokinetics of pure genistein (29) . For the purpose of the current study, the peak plasma unconjugated and conjugated genistein concentrations were determined by mass spectrometry in the samples collected between 4 and 8 h.
Study 6
Twelve healthy adults (6 women, 6 men; age range: 20-51 y) were recruited beginning in September 2007 and were administered by mouth a single 20-mg dose of enantiomeric pure S-(-) [2-13 C]equol as described in detail previously (36) . The concentration of unconjugated S-(-)[2-
13
C]equol was measured in plasma by mass spectrometry in samples collected at the time of peak plasma concentration, determined previously for each individual subject (36) , and this value was compared with the total plasma S-(-)[2- 
Studies in infants and children
Study 7
Ten 6-mo-old breastfed infants (4 females, 6 males) were recruited beginning in January 2006 and were fed 118 mL (4 oz) of soy infant formula (Similac Isomil Advanced Soy Formula) in the morning and evening for 3.5 d before the usual breastfeeding. The soy infant formula contained 32 mg total isoflavones/L, composed of 67% genistein, 29% daidzein, and 4% glycitein, which is consistent with the previously reported composition of soy infant formulas (37, 38) . On day 4, blood (0.5-1.0 mL) was obtained by venipuncture. When these same children were ;3 y of age they were given a soy isoflavone supplement twice daily for 3.5 d. The soy isoflavone supplement, made from a soy germ extract, contained a total of 12 mg daidzin/daidzein, 7 mg glycitin/glycitein, and 2.5 mg genistin/genistein according to the manufacturer's analysis (Nature's Bounty Soy Isoflavones by Soy Life). The supplement was in a capsule form opened by the parents, and the powder was sprinkled into the child's favorite food. The plasma concentrations of total and unconjugated isoflavones were determined by mass spectrometry, and the percentage unconjugated fraction of each isoflavone was calculated. The study was approved by the Institutional Review Board of the Cincinnati Children's Hospital Medical Center (protocol 2008-0963), and written informed consent was obtained from the parents or guardians of each infant.
Materials and reagents
S-(-)[2-
13 C]equol was synthesized as described previously (36) . [ C 3 ]equol (.99% purity) were purchased from the University of Edinburgh, United Kingdom. Working solutions of these compounds were prepared in ethanol from 1 mg/mL stock solutions. Calibrators and quality-control samples for human and rat plasma analysis were prepared in a charcoal-pretreated plasma pool as a matrix. The calibration standards were prepared at concentrations of 0, 1, 5, 10, 50, 100, 200, and 500 ng/ mL for the measurement of total isoflavones and at concentrations of 0, 0.1, 0.2, 0.5, 1, 2, 5, and 10 ng/mL for the measurement of the individual unconjugated isoflavones. Sodium acetate, sodium hydroxide, acetic acid, and sodium bicarbonate, acetone, isopropanol, and all other solvents (HPLC grade) were purchased from Fisher Scientific. Helix pomatia digestive juice (a mixed solution of b-glucuronidase, 96,000 units/mL, and sulfatase, 390 units/mL) was purchased from Sigma-Aldrich.
Analytic techniques
Genistein, daidzein, glycitein, and S-(-)-equol were measured in plasma samples from rats, mice, and humans by liquid chromatography tandem mass spectrometry with multiple reaction monitoring and with the use of stable isotopic-labeled [2,3,4- C 3 ] daidzein in samples from those infants given a soy germ supplement. For the quantification of total and unconjugated isoflavone concentrations, 200 lL and 400 lL, respectively, of plasma were used for the assay. In brief, the method for total isoflavones involved the addition of the stable-labeled internal standard to plasma, incubated with 10 vol of triethylamine sulfate solution at 64°C; solid-phase extraction; overnight hydrolysis of conjugates by a mixed b-glucuronidase and sulfatase preparation (Helix pomatia); reextraction with the use of solid-phase cartridges; and reconstitution in HPLC mobile phase. For the separate determination of unconjugated isoflavones, the same procedure was used, with the omission of the enzyme hydrolysis step. These methods have been described in recent publications (35, 36, 39) .
Isoflavones and the metabolite S-(-)-equol were detected and quantified by monitoring the multiple reaction monitoring transition ions, for genistein and [2,3,4- . Plasma concentrations were determined from the peak area ratio of each ion relative to the peak area response from the internal standard and by interpolation of this area ratio against calibration curves plotted for known concentrations of daidzein, genistein, and S-(-)equol. The intraassay and interassay precisions were 4-8%, expressed as a CV for quality control samples with a range of concentrations of 1 to 200 ng/mL. The limit of detection of the assay was 1 pg on column, and the lower limit of quantification was 0.1 ng/mL.
The measurement of unconjugated S-[2-
13 C]equol in human plasma collected from a pharmacokinetic study of S-[2-
13
C]equol was performed exactly as described previously for total S-[2-
13 C]equol, with the exclusion of the enzyme hydrolysis step and after derivatization with dansyl chloride before HPLCelectrospray tandem mass spectrometry analysis (36, 39) .
All samples were analyzed with the Waters Quattro (Premier/ Micro) ultra HPLC system coupled to electrospray tandem mass spectrometry. Chromatographic separation of the individual isoflavones was achieved on a reverse-phase Acquity C 18 ultra HPLC BEH column (100 · 1.0 mm internal diameter, 1.7 lm; Waters). A gradient mobile phase was used with a binary solvent system, which changed from 100% solvent A to 40% solvent A over 10 min, then to 100% solvent B over 2 min, and then, after a 2-min hold, to 100% solvent A over a 3-min period, and this was held for 3 min. The total run time was 20 min, and the flow rate was 0.1 mL/min. Solvent A consisted of 950 mL water/L and 50 mL methanol/L that contained 2 mmol ammonium acetate/L; solvent B consisted of methanol that contained 2 mmol ammonium acetate/L. The injection volume was 10 lL. The optimal signal for the ion pair of daidzein, genistein, and S-(-) equol was achieved in negative ion mode with the use of the following instrument settings: capillary voltage, 1.0 kV; extractor voltage, 1 V; radio frequency lens voltage, 0.2 V; entrance, 21; exit, 0; source temperature, 120°C; desolvation temperature, 400°C; desolvation gas flow, 600 L/h; and cone gas flow, 50 L/h. Cone voltage, collision energy, and ion dwell time were optimized for each isoflavone; helium was used as the collision gas. Data were acquired and processed with Masslynx 4.1 software (Waters).
Statistical methods
Plasma isoflavone concentrations were expressed as ng/mL and the percentage unconjugated isoflavone composition determined by division of the unconjugated plasma concentration by the total, expressed as a percentage value. Group data were expressed as means 6 SEMs, unless otherwise stated. Statistical analysis was performed on the relative percentage of isoflavone compositions only.
Study 1
All possible pairwise comparisons were made for the plasma percentage unconjugated concentrations of S-(-)equol, daidzein, and genistein between the 3 different strains of mice and the Sprague-Dawley rats with the use of an ANOVA procedure for each endpoint at a = 0.05. Pairwise comparisons were performed with the Tukey's honestly significant difference test to control for multiple comparisons. The data were log transformed to meet the assumptions of the analysis of variance.
Study 2
Only descriptive data are presented for this study. No statistical testing was done.
Study 3
The percentage unconjugated fractions for daidzein and genistein were compared between the 3 foods with the use of ANOVA procedures, with terms for subject and diet at a = 0.05. Pairwise comparisons were done with Tukey's honestly significant difference test to control for multiple comparisons. The data were log transformed to meet the assumptions of the ANOVA.
Study 4
To compare the plasma percentage unconjugated genistein and daidzein between men and women, a 2-independent-sample t test with the assumption of unequal variances was used. To satisfy the assumptions of normality, a log transformation was used for each endpoint.
Studies 5-7
Only descriptive data and/or graphical displays are presented for these studies. No statistical testing was done.
RESULTS
Plasma total isoflavone concentrations in different species of rodents fed commercial soy-containing diets
Total and unconjugated genistein, daidzein, and S-(-)equol concentrations in the plasma collected from 18 adult female Sprague-Dawley rats maintained on a soy-free AIN-93G diet were below the detection limits of the method (data not shown). In Sprague-Dawley rats that consumed a commercial Purina 5008 soy-containing diet, and in each strain of mouse fed a similar soy-based Purina 5010 diet, S-(-)equol was the predominant isoflavan in plasma, consistent with previously reported data on the metabolism of isoflavones in rodents (32, 40) . The plasma total (conjugated + unconjugated) concentration of the metabolite S-(-)equol far exceeded that of its precursor daidzein, and also genistein, in all rodents ( Table 1) . Whereas the absolute concentration of total S-(-)equol was high in the C57BL/6 mice, the unconjugated S-(-)equol concentration in plasma was relatively low and was similar to that in the SpragueDawley rat and the athymic mouse (Table 1) . When expressed as a proportion of the total, the percentage unconjugated S-(-) equol in plasma was relatively low in these 3 rodents, consistent with efficient phase II conjugation of S-(-)equol ( Figure  1) . By contrast, the soy isoflavones genistein and daidzein were less efficiently conjugated, as evident by the higher proportions of genistein and daidzein circulating in unconjugated forms. Striking was the relatively high proportions of genistein and daidzein in unconjugated forms in the athymic and AngptL4B6 transgenic mice, when compared with either the Sprague-Dawley rat or the C57BL/6 mouse (P , 0.01 for all, Table 1 ).
Plasma unconjugated genistein concentrations in Sprague-Dawley rats after oral administration of pure genistein
In study 2, the oral administration of 3.7 mg genistein/kg body weight as a single dose to 4 adult Sprague-Dawley rats resulted in mean (6SEM) plasma total and unconjugated genistein concentrations of 124 6 34 and 3.6 6 1.4 ng/mL, respectively, 1-2 h after gavage. The proportion of genistein that was present in unconjugated form was 3.1% 6 0.8% and was similar to that observed when the animals were fed a soycontaining Purina 5008 diet (4.0% 6 0.6%).
Plasma unconjugated isoflavone in healthy adults after consumption of different soy foods C max isoflavone concentrations measured in 10 healthy adults (Study 3) 4-6 h after oral ingestion of a single serving of soy nuts (10g), soy milk (250 mL), or tempeh (46 g) were extremely low or, in some subjects, below the lower limit of quantification of the method, which indicated extensive phase II metabolism of isoflavones ( Table 2 ). The mean proportion of genistein in unconjugated form in plasma at the C max was ;2% of the total plasma isoflavone concentration and was not significantly different between the 3 different soy foods. The percentage unconjugated daidzein was significantly higher for women who consumed soy nuts than for those who consumed either soy milk (P = 0.023) or tempeh (P = 0.032). There was no difference for soy milk compared with tempeh. The bacterially derived metabolite S-(-)equol was not detected in any of the plasma samples at 4-6 h after oral ingestion, which is consistent with previous data that showed that equol formation is a timedependent process that typically requires 12-36 h after isoflavone consumption (41) .
Under steady state conditions after the intake of soy milk (250 mL twice daily) for 3.5 d (study 4), the plasma concentrations of unconjugated genistein and daidzein in 20 healthy adults (10 women and 10 men) were extremely low ( Table 3 ). There were no significant sex differences between the percentage unconjugated genistein or daidzein concentrations (P . 0.66), and consequently these data were pooled. The plasma total genistein concentration was consistently higher than the total daidzein concentration in all subjects, in accord with previously published data (29, 33, 34) .
The mean (6SEM) unconjugated genistein and daidzein concentrations were extremely low at 0.46 6 12 and 0.61 6 0.15 ng/ mL, respectively, which represented 0.2% and 1.1%, respectively, of the total plasma isoflavones. S-(-)equol was detected in the plasma of 4/20 adults, which represents a prevalence of "equol producers" of 20% (35) . The plasma unconjugated S-(-)equol 
FIGURE 1.
Percentages of S-(-)equol, daidzein, and genistein in the unconjugated form in plasma of Sprague-Dawley rats (n = 18) fed a soy-containing diet (Purina 5008) and in C57BL/6 (n = 11), athymic (n = 10), and transgenic AngptL4B6 (n = 11) mice fed a soy-containing diet (Purina 5010). The horizontal lines represent the group mean values. Dz, daidzein; Eq, S-(-)equol; Gs, genistein. concentrations were below the lower limit of quantification of the method.
Extent of conjugation of genistein in healthy adults after administration of genistein
The mean (6SEM) peak plasma total and unconjugated isoflavone concentrations in 6 healthy adults measured 3-5 h after oral administration of 50 mg pure genistein (study 5) were 349 6 68 and 5.2 6 0.8 ng/mL, respectively. The proportion of genistein circulating in unconjugated form when the pure compound was administered was 1.7 6 0.4%, similar to that after healthy adults consumed soy foods, but lower than the percentage unconjugated genistein in the plasma of Sprague-Dawley rats gavaged with genistein (4.0 6 0.6%) or fed a soy-containing Purina 5008 rodent diet. 1 All values are means 6 SEMs. All possible pairwise comparisons between foods were performed by using Tukey's honestly significant difference test. P values were adjusted to control for multiple comparisons. Data were log transformed for analysis to meet the assumptions of the ANOVA.
2 Significantly different from soy nuts, P 0.03.
TABLE 3
Steady state plasma unconjugated and total genistein, daidzein, and S-(-)equol concentrations and the relative proportions (%) circulating in unconjugated form measured in samples taken from 20 healthy adults (n = 10 women, n = 10 men) after 3. 
C]S-(-)equol stable isotopic-labeled tracer
In study 6, a stable isotopic-labeled tracer was administered to 12 healthy adults to define the pharmacokinetics of S-(-)equol. Plasma total [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]S-(-)equol concentrations were reported previously (36) . The typical time course for plasma appearance and disappearance of total and unconjugated [2- C]S-(-)equol in plasma at the time of peak concentrations, which confirms its efficient conjugation.
Plasma unconjugated isoflavones in early life of infants who consumed soy isoflavones
Plasma isoflavone concentrations measured in 10 infants fed 236 mL (8 oz) of soy infant formula daily at 6 mo of age, and in the same infants at age 3 y after they took an isoflavone supplement made from soy germ, are shown in Figure 3 . In 6-mo-old infants, the total plasma genistein concentrations were higher than the daidzein concentrations, which is consistent with the isoflavone composition of the soy infant formula (37, 38, 42) . Data from one infant was excluded because it was deemed noncompliant based on a low concentration of total genistein and daidzein (25 and 6 ng/mL, respectively). The mean (6SEM) plasma total genistein and daidzein concentrations for the remaining 9 infants were 419 6 42 and 131 6 14 ng/mL, respectively. The mean plasma unconjugated genistein and daidzein concentrations in these infants were extremely low (1.6 6 0.3 and 1.2 6 0.3 ng/mL, respectively). The mean (6SEM) unconjugated genistein and daidzein fraction in plasma accounted for only 0.4 6 0.1% and 0.9 6 0.2%, respectively, of total plasma isoflavones, which was similar to that of adults who consumed soy foods and indicates that efficient conjugation of isoflavones occurs early in life.
At age 3 y, after each child had been administered an isoflavone supplement made from soy germ, the plasma concentration of total daidzein was much higher than that of genistein, which is consistent with the predominance of daidzein in soy germ ( Figure 3) (15, 43) . The mean (6SEM) plasma total genistein and daidzein concentrations were 63 6 14 and 210 6 27 ng/mL, respectively. As observed at 6 mo of age, these same children had very low concentrations of unconjugated genistein (0.2 6 0.1 ng/mL) and daidzein (1.7 6 0.4 ng/mL). The proportions of genistein and daidzein circulating in the unconjugated form were consequently extremely low, representing 0.2 6 0.1% and 0.8 6 0.1%, respectively, of total plasma 3. Plasma total and unconjugated genistein, daidzein, and equol concentrations (ng/mL) and the proportion circulating in unconjugated form in the same 10 infants measured at 6 mo of age after consumption of soy infant formula for 3.5 d (118 mL twice daily) and again at 3 y of age after consumption of a soy isoflavone supplement made from soy germ for 3.5 d. Horizontal lines represent group means. Dz, daidzein; Eq, equol; Gs, genistein.
isoflavones, which was similar to that measured in the same infants at age 6 mo when fed soy infant formula. S-(-)equol was not detected in any of the samples from the 6-mo-old infants but was shown in 4 of 10 infants at age 3 y. Because soy germ contains appreciable amounts of glycitin/glycitein, the mean (6SEM) plasma total and unconjugated glycitein concentrations were measured in these samples only, and were 23.3 6 3.7 and 1.9 6 0.2 ng/mL, respectively. When expressed as percentage of the total isoflavones in plasma, the fraction of glycitein that was unconjugated was 1.9 6 0.2%, which was higher than for either daidzein or genistein.
DISCUSSION
Isoflavones, in common with endogenous estrogens, circulate in blood and are excreted in the urine of humans and rodents, predominantly as glucuronides and, to a lesser extent, sulfates (27, 44, 45) . Because the conjugated forms of isoflavones are considered to have relatively little or no biological activity (46) , the extent of phase II metabolism has a significant effect on the physiologic effects of these soybean constituents. Conjugation of isoflavones takes place within the enterocyte during absorption (47) and therefore it is perhaps not surprising that in some rodent studies in which isoflavones are injected subcutaneously, a route of administration that bypasses first-pass metabolism, numerous deleterious effects have been observed that are not seen in humans who consume soy foods or isoflavone supplements.
One of the most important and controversial findings from rodent studies is the stimulatory effect of genistein on the growth of existing mammary tumors in ovariectomized athymic mice injected with MCF-7 cells (20) . In addition, in this model, differently processed isoflavone-containing products, despite containing similar amounts of genistein, differentially affected tumor growth (23) , and the greatest stimulatory effects from processing were associated with higher plasma concentrations of unconjugated genistein. More specifically, we estimated from published data, peak plasma concentrations (1 h after ingestion) of unconjugated genistein in ovariectomized Balb/c nude mice to be 80, 155, 175, 230, and 270 nmol/L in response to diets that contained 750 ppm genistein (present in the diet primarily as glucosides) in the form of soy flour plus mixed isoflavones, soy molasses, Novasoy, mixed isoflavones alone, and genistein, respectively (22) . Thus, there was a 3-fold difference between the 2 processing extremes (soy flour compared with isolated genistein) and a 2-fold difference between soy flour and a very widely used commercially available isoflavone supplement (Novasoy). Importantly, the processing effect on tumor growth was perfectly correlated with circulating concentrations of unconjugated genistein (r 2 = 0.96, P , 0.001). That is, the more processed forms of soy led to higher unconjugated genistein concentrations and greater tumor growth (22) . These findings have led organizations such as the American Cancer Society to advise against the use of isoflavone supplements by women with a history of estrogen-sensitive breast cancer (24) .
The results of the current research show, to our knowledge for the first time, that processing does not affect circulating unconjugated genistein concentrations in humans as it does in nude mice. As shown in Table 2 , there were no differences in the proportion of genistein circulating in the biologically active unconjugated form in women after the consumption of 3 differently processed soy foods. The percentages of unconjugated genistein in the circulation after consumption of a single serving of soy nuts, soy milk, and tempeh were 1.5 6 0.3%, 1.5 6 0.3%, and 1.7 6 0.5%, respectively, and this was at the time of peak concentrations. Of the 3 soy foods, the least processed is soy nuts, which contain isoflavones almost exclusively in glycoside form (9) . Tempeh, because it is fermented, contains higher proportions of isoflavones as aglycons (9), whereas the soy milk used in the current study was made from isolated soy protein (16) and contained isoflavones almost exclusively as glycosides.
Not only were there no differences shown in the proportion of plasma genistein in the unconjugated form between the 3 soy foods, but there was also no difference in the unconjugated genistein concentrations in women who consumed soy foods (1.5-1.7%) or pure genistein (1.7 6 0.1%). On the basis of the results in athymic mice, the expected order from highest to lowest proportion of unconjugated genistein concentrations would have been pure compound . tempeh or soy milk . soy nuts. Thus, at least with regard to the effect on C max , unconjugated genistein concentrations in the food matrix are not relevant. The same was true for the Sprague-Dawley rat: no difference was observed in percentage unconjugated genistein when rats were fed pure genistein or genistein that was derived from genistin in a soy-containing commercial diet.
Another major finding of the current research is that the capacity to conjugate isoflavones differs markedly between rats and mice, as well as between rodents and humans. In this study we focused on the Sprague-Dawley rat, the animal most used in chemically induced models of breast cancer, and 3 strains of mice: the widely used C57BL/6 strain; the athymic (nude) mouse, which is commonly used in cancer research; and the less commonly used transgenic strain of AngptL4B6 mouse, which is used in angiogenesis and arthritis research. The steady state percentages of unconjugated genistein concentration in plasma from Sprague-Dawley rats and C57BL/6, nude, and transgenic AngptL4B6 mice strains fed soy-containing diets were 4.0 6 0.6%, 4.6 6 0.6%, 11.6 6 0.9%, and 30.1 6 4.3%, respectively, concentrations that were ;20, 23, 58, and 150 times those in humans (the mean percentage of genistein in human plasma is 0.2% in steady state; Table 3 ). These findings provide the strongest evidence to date that humans have a much greater capacity for conjugating isoflavones than do rodents. This difference is most pronounced between humans and the nude and transgenic AngptL4B6 strains of mice, and this finding is highly relevant to models of breast cancer because genistein-glucuronide has ;50-fold less binding affinity for the ER than does genistein (46) .
Concentrations of unconjugated isoflavones in women remain low even after repeated isoflavone exposure to a soy food. This finding is consistent with the findings from other laboratories (25, 30) , as well as from our previously published data (29) . Likewise, the high unconjugated genistein concentrations in mice observed in the current study have also been observed by others (48) (49) (50) .
We report, for the first time to our knowledge, on the unconjugated isoflavone concentrations in the plasma of infants, and our findings confirm efficient phase II metabolism as with adults. The unconjugated fractions of genistein and daidzein in 6-mo-old infants exposed subchronically to high concentrations of isoflavones from soy infant formula (37, 38, 42) were very low: 0.4 6 0.1% and 0.9 6 0.2%, respectively. Low concentrations were also observed at age 3 y, when the very same infants were challenged for 3.5 consecutive days with an isoflavone supplement made from soy germ. The proportion of genistein and daidzein circulating in unconjugated form was extremely low: 0.2 6 0.1% and 0.8 6 0.1%, respectively. These data further show that the phase II metabolism of isoflavones is similar in response to the ingestion of 2 different soy products, soy milk and an isoflavone supplement. It had been stated previously that unconjugated isoflavones were undetectable in the plasma of infants fed soy infant formulas, but this was likely due to the limited sensitivity of the methods used for measurement at that time (51) . Nevertheless, the current findings show that there is extensive conjugation of isoflavones by infants, an observation that is relevant, given the continuing debates over the safety of isoflavones in soy infant formulas (52, 53) . Circulating concentrations of total isoflavones in the plasma of 3-mo-old infants exceed endogenous estrogens by up to 22,000 times, and plasma isoflavone concentrations are typically an order of magnitude higher than those of adults who consume similar daily intakes of isoflavones from soy foods (37, 38, 52, 54) . Despite this very high exposure to soy isoflavones in early life, the proportion of the biologically active unconjugated fraction of isoflavones is maintained at a very low concentration.
Consistent throughout these studies has been the observation of a strong correlation between isoflavone structure and extent of conjugation. Irrespective of the source of the isoflavone, food compared with supplement/pure isoflavone, or the animal species examined, the rank order in efficiency of conjugation was S-(-) equol . genistein . daidzein . glycitein. The metabolite S-(-) equol was the most efficiently conjugated of all the isoflavans studied and this is an important finding with regard to its safety now that it is available as a dietary supplement for women's health (39, 55, 56) and is under development as a potential pharmaceutical agent (57, 58) . This indicates differences in substrate specificity for the UDP-glucuronosyl transferases that conjugate isoflavones predominantly with glucuronic acid (27, 44) .
The current findings, which for genistein, are summarized in Figure 4 , have potentially important implications for the understanding of the relation between isoflavone exposure and breast cancer risk. First, they suggest that rodents, and especially certain strains of mice, including most importantly nude mice, may not be especially useful for gaining insight into the health effects of isoflavones in humans, because circulating concentrations of genistein, the biologically active form, are so much higher in the former than in the latter. In fact, it would be very unlikely that the high unconjugated plasma concentrations of genistein shown in mice would occur in humans who consume soy foods or isoflavone supplements, given the very high capacity for phase II metabolism of isoflavones. Second, the findings suggest that, given similar genistein exposures, conclusions that supplements and highly processed forms of soy will affect breast tissue and breast cancer risk differently from less processed soy foods do not appear justified. That is, if isoflavones increase breast cancer risk and/or recurrence in women with a history of breast cancer, it does not matter whether the exposure occurs via whole soy food or soy extracts. The converse of that is also true: if consumption of isoflavones from soy foods poses no risk to breast cancer patients, the consumption of similar amounts of isoflavones from supplements would also appear to be safe.
In any event, recently published clinical and epidemiologic data do not support concerns that isoflavones are contraindicated for breast cancer patients or women at high risk of breast cancer. Clinical studies show that in healthy postmenopausal subjects and breast cancer patients, isoflavone exposure, whether from foods or supplements, does not affect breast tissue density or breast cell proliferation (59, 60) . This lack of effect of isoflavones contrasts with the known effects of estrogen and progestin use, which increases breast tissue density (61), breast cell proliferation (62) , and breast cancer risk (63) . Furthermore, the epidemiologic literature suggests that soy consumption either has no effect on, or improves the prognosis of, postmenopausal ER+ breast cancer patients. These data include 4 prospective studies, 2 from China (64, 65) and 2 from the United States (66, 67) . Importantly, soy intake was shown not to inhibit the efficacy of tamoxifen and actually enhanced the efficacy of the aromatase inhibitor, anastrozole (65) . The lack of interaction with tamoxifen and the favorable interaction with anastrozole contrast with findings from the athymic mouse model (68, 69) that are widely cited as evidence of the harmful effects of isoflavones (20, 68, 70) .
In conclusion, the major findings of the current research that marked differences in phase II metabolism of isoflavones exist between rodents and humans cast doubt on the value of the use of certain strains of mice for gaining insight into the effects of isoflavones, and in particular genistein, in humans, especially with regard to the effects of isoflavones on breast tissue and tumor progression. Our findings, combined with the results of recently published clinical and epidemiologic data, suggest that recommendations that breast cancer patients and women at high risk of development of breast cancer avoid isoflavone exposure are no longer justified. Comparison of the plasma proportion of unconjugated genistein expressed as a proportion of the total genistein under steady state conditions in 6-mo-old infants fed soy milk, in the same infants at 3 y of age given isoflavones from a soy germ supplement, in adults who consumed soy milk, in adult Sprague-Dawley rats fed commercial soycontaining diet (Purina 5008), and in 3 different strains of mice fed a soycontaining diet (Purina 5010). Study data are displayed as box plots in which the lines inside the boxes represent the median or 50th percentile of the data; the boxes extend from the 25th to the 75th percentile, an interval referred to as the interquartile range. The lines that emerge from the boxes extend to the upper and lower adjacent values (ie, the largest data point 75th percentile plus 1.5 times the interquartile range and the smallest data point 25th percentile minus 1.5 times the interquartile range, respectively).
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